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Abstract
Chiral molecular recognition is important to biology, separation, and asymmetric catalysis. 
Because there is no direct correlation between the chiralities of the host and the guest, it is difficult 
to design a molecular receptor for a chiral guest in a rational manner. By cross-linking surfactant 
micelles containing chiral template molecules, we obtained chiral nanoparticle receptors for a 
number of 4-hydroxyproline derivatives. Molecular imprinting allowed us to transfer the chiral 
information directly from the guest to host, making the molecular recognition between the two 
highly predictable. Hydrophobic interactions between the host and the guest contributed strongly 
to the enantio- and diastereoselective differentiation of these compounds in water, whereas ion-
pair interactions, which happened near the surface of the micelle, were less discriminating. The 
chiral recognition could be modulated by turning the size and shape of the binding pockets.
Introduction
Biomacromolecules such as proteins have exceptional abilities to differentiate stereoisomers, 
whether in binding, transport, or catalysis. Over the last decades, chemists have developed 
many effective strategies for the synthesis of chiral molecules. Although a properly 
functionalized chiral host has many potential applications, their rational design is not 
straightforward.
One challenge is related to size: because a guest-encompassing host is larger than the guest 
itself, its synthesis inevitably involves more atoms and bonds. Another challenge, possibly a 
more fundamental one, is related to how chiral host and guest molecules interact with each 
other. For example, chemists can synthesize chiral receptors easily from chiral building 
blocks. However, since there is no direct correlation between the chiralities of the host and 
the guest, their molecular recognition is difficult to predict.1–3 Likewise, chiral stationary 
phases are frequently used to separate enantiomers, but predicting the order of elution a piori 
is difficult.
Molecularly imprinted receptors are advantageous in this regards.4–15 In the most traditional 
embodiment of molecular imprinting, free radical polymerization is induced in a mixture of 
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template molecules, functional monomers (FMs), porogenic solvents, and cross-linkers such 
as divinylbenzene (DVB) or ethylene glycol dimetharylate (EGDMA). The FMs can interact 
with the templates by noncovalent interactions or, alternatively, form reversible bonds with 
the templates. A large amount of cross-linkers are used to maintain rigidity of the resulting 
molecularly imprinted polymer (MIP). Once the templates are removed by washing or bond 
cleavage, the cross-linked material is left with cavities complementary to the templates in 
size, shape, and distribution of functional groups.
MIPs have many uses including in molecular recognition, separation, enzyme-mimetic 
catalysis, and chemical sensing.4–15 One of the earliest applications of MIPs was as the 
stationary phase in the chiral separation of molecules.16, 17 Because the binding sites in an 
imprinted material are created by polymerization/cross-linking around the templates, the 
chiralities of the MIP host and guest in principle are directly correlated, making their 
interactions predictable.
Despite the great potential of MIPs as functional materials, they face some difficult 
challenges. Their binding sites tend to be heterogeneous and poorly defined in structure.
4–6, 8–10, 12, 13, 18, 19
 Conventional MIPs are intractable macroporous polymers and it is 
difficult to study their structure and binding by spectroscopic or calorimetric methods.11 
Template molecules are often trapped inside the highly cross-linked polymer and difficult to 
be removed. Although soluble nanoparticle MIPs have been reported in the literature,20–28 
aqueous compatibility remains an issue,29 as most FMs bind their guests by polar 
interactions that are weakened significantly by water molecules.
We recently used molecular imprinting to create hydrophobic binding sites within cross-
linked micelles.30 Binding is driven by the hydrophobic interactions between the MINP and 
guest; binding selectivity mainly comes from the shape/size complementarity between the 
two. Although the micelles are highly cross-linked, because polymerization and cross-
linking are confined within the micellar boundary, MINPs are fully soluble in water due to 
their hydrophobic/hydrophilic core–shell morphology and nanodimension (4–5 nm). Using 
this technique, we have created strong and selective receptors for a number of different 
guests including bile salt derivatives,30 aromatic carboxylates and sulfonates,31–33 
nonsteroidal anti-inflammatory drugs (NSAIDs),34 carbohydrates,35, 36 and oligopeptides.37
In this work, we studied how the transfer of chirality from a template to its imprinted MINP 
host influenced the chiral recognition. The transfer was found to be reliable and the chiral 
recognition highly predictable not only for the templates but also for their analogues. Within 
a series of guest molecules, the relative binding order could be maintained while the binding 
affinity varied by a large degree—a feature potentially highly useful in chromatographic 
separations.1–3
Results and Discussion
Synthesis of the MINPs is shown in Scheme 1. Typically, the template molecules were first 
solubilized in water by micelles of cross-linkable surfactant 1. The template is often 
hydrophobic overall, but contains a polar group (shown by the magenta-colored sphere). 
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Surface-cross-linking of the micelle was achieved using diazide 2 by the Cu(I)-catalyzed 
click reaction.38–40 The surface-cross-linked micelle (SCM) had residual alkynyl groups on 
the surface because the cross-linkable surfactant has three alkynes and the cross-linker two 
azides—the ratio between the two was 1:1.2 in typical MINP preparation.
Hydrophilic ligands were then installed on the surface of the SCMs by another round of 
click reaction using glucose-derived ligand 3. The micelle also contained 1 equiv 
divinylbenzene (DVB) and a small amount of 2, 2-dimethoxy- 2-phenylacetophenone 
(DMPA), as the cross-linker and photoinitiator for the core-cross-linking, respectively. A 
high level of DVB was needed for the rigidity of the nanoparticle and shown to be important 
to binding selectivity.30 After the surface-cross-linking and functionalization, free radical 
polymerization was initiated photochemically to cross-link the core. Once the template was 
removed by repeated solvent washing, the MINP contained a binding pocket complementary 
to the template.
The MINPs were characterized following previously reported procedures.30–32, 34 For 
example, 1H NMR allowed us to monitor the surface- and core-cross-linking (ESI). 
Dynamic light scattering (DLS) afforded the size of the nanoparticles, as well as their 
average molecular weights. The DLS size was confirmed by transmission electron 
microscopy previously for similar cross-linked micelles.38 The surface-cross-linking was 
also verified by mass spectrometry after the 1,2-diol in the cross-linked 2 was cleaved.38
To understand how chiral MINPs and guests interact with one another, we chose several 4-
hydroxyproline derivatives (4–9) as the model compounds in this study. One reason for their 
choice is the biological importance: 4-hydroxyproline is a major component of collagen,41 
and both the hydroxyl and its stereochemistry are critical to the stability of the triple helical 
structure of the protein.42, 43 The commercial availability of their stereoisomers allowed us 
to quickly access the derivatives needed for the study. As an amino acid derivative, these 
compounds also enabled us to understand their chiral recognition in the context of peptides, 
an extremely important topic in supramolecular and bioorganic chemistry.44–56
The 4-hydroxyproline derivatives are acylated at the secondary amine and the 4-hydroxyl to 
enhance their hydrophobicity. Their syntheses are reported in the Experimental Section. 
Among these guest molecules, compounds 4 and 5 are enantiomers. Compound 6 differs 
from 4 in the configuration of C2 and is a diastereomer of 4 and 5. Compounds 7–9 are 
essentially the aliphatic versions of 4–6, having the same stereochemical configurations. 
Compounds 10 and 11 are essentially 7 and 9, respectively, with an additional phenylalanine 
coupled.
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Chiral molecular recognition between the MINPs and the guests was studied by ITC, one of 
the most widely used methods to study intermolecular interactions.57 By measuring the heat 
change during the titration, ITC affords a wealth of information on the binding, e.g., the 
binding constant (Ka), enthalpy (ΔH), and the number of binding sites per particle (N). We 
have confirmed in many studies that binding constants obtained by ITC agreed with those by 
other methods such as fluorescence titration.30–34
Figure 1 shows two typical ITC titration curves, for the binding between MINP(4), i.e., 
MINP prepared with 4 as the template, and its template. We performed the titration in both 
water (Figure 1a) and 50 mM Tris buffer (pH 7.4). The two bindings showed very similar 
binding constants (Ka = 3.7–4.0 × 105 M−1) with a negative/favorable enthalpy. The binding 
constant is equivalent to 7.6 kcal/mol of binding free energy (−ΔG). The average number of 
binding site per nanoparticle (N) was 0.8–1.0.
Table 1 summarizes the ITC binding data. The majority of the bindings were measured in 
water, as the binding constants by MINP(4) for 4 were quite similar in water and in Tris 
buffer. In addition to the binding parameters, we listed Krel, the binding constant of a guest 
relative to that of the template. This value can be regarded as the selectivity in the chiral 
recognition.
Our binding data show that MINP(4) had an excellent enantioselectivity, with Krel = 0.019 
for 5 but only a modest diastereoselectivity, with Krel = 0.46 for 6 (entries 3 and 4). A chiral 
host is commonly believed to need at least a three-point interaction with the guest to 
effectively differentiate enantiomers.58–60 The excellent enantioselectivity of MINP(4) 
suggests that the condition was fully met in our binding. Because the binding took place in 
water, hydrophobic interactions have been shown to dominate the binding of MINPs 
according to our recent studies.30–32, 34 For compounds 4 and 5, the two benzoyl groups are 
obvious points of interactions as a result of hydrophobic imprinting. The third interaction, 
most likely, comes from the carboxylate, which could ion-pair with a nearby ammonium 
headgroup of the cross-linked 1.
Many of our templates in MINP preparation contain an anionic polar group (sulfonate or 
carboxylate).30–32, 34 There are two considerations for the choice. First, the incorporation of 
a hydrophobic anionic template into the cationic micelle of 1 is favored by both electrostatic 
and hydrophobic interactions. A stronger interaction between the template and the micelle 
should be helpful to both the imprinting and the guest-rebinding. Second, the anionic group 
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needs to ion-pair with the surfactant headgroup and thus must stay on the surface of the 
micelle. The ion-pairing interaction serves to anchor the template on the micellar surface and 
facilitates the template removal, as revealed by fluorescence spectroscopy in an earlier 
publication.30
The poor diastereoselectivity of MINP(4) suggests that the ion-pair, if being one of the main 
interactions to determine the enantioselectivity, has a much larger tolerance of error than the 
hydrophobic interaction with the benzoyl. This is evident from the selectivity of both 
MINP(4) and MINP(6). Anytime when the benzoyl at C4 position was inverted—e.g., from 
4 to 5 or from 6 to 5—excellent selectivity was obtained. But anytime when the carboxylate 
was inverted—e.g., from 4 to 6 or vice versa—poor selectivity was obtained.
The different tolerances for error by the carboxylate and benzoyl groups most likely are 
derived from their different depths in the cross-linked micelle. The carboxylate is expected 
to reside on the surface of micelle. Even if it prefers to ion-pair with a particular ammonium, 
the preference must be weak, as there are numerous other ammoniums near this particular 
ammonium group. The benzoyl group, on the other hand, is expected to insert itself into a 
hydrophobic pocket in the core of the micelle, formed as a result of the hydrophobically 
based molecular imprinting. An inverted benzoyl on the guest should not fit into the pocket 
imprinted for the original one.
We also listed the binding enthalpies (ΔH) and entropies (TΔS) in Table 1. Our data show 
that the MINP binding was always favored enthalpically, with negative ΔH values. One 
might think the negative ΔH contradicts hydrophobic interactions as the main driving force, 
as classical hydrophobic effective is considered entropically driven, at least at low 
temperatures.61 However, the effect is now considered multifaceted and the energetic 
characteristics may be different depending on the (aliphatic/aromatic) nature of the guests 
and the size/shape of the hydrophobic surfaces.62–68 In addition, because electrostatic 
interactions also contribute to the binding and they can be either enthalpically or entropically 
favored,69–73 the overall picture is rather complicated.
According to Table 1, whenever the binding was strong (e.g., in the case of the template by 
its own MINP or the poorly distinguished diastereomers), a large negative (unfavorable) 
entropic term (TΔS) was observed, compensated by an even larger negative (favorable) 
enthalpy. Thus, for best-fitted guests, the binding was usually driven enthalpically. The 
results are reasonable, as binding between a highly complementary hots–guest pair is 
expected to restrict their freedom significantly. In contrast, for the poorly fitted guests—i.e., 
those with relatively low binding affinities, including the linear 7–9 by MINP(4) or MINP(6)
—there was a significant positive/favorable entropy that contributed to the binding.
We likewise examined the enantio- and diastereoselectivity of MINP(4) and MINP(6) for 
compounds 7–9, the aliphatic analogues of 4–6. The two MINPs basically showed the same 
trend. For example, among the three (aliphatic) guests, MINP(4) bound 7 the most strongly, 
with Ka = 4.2 × 104 M−1 (entry 7). The substantial binding affinity suggests that the linear 
aliphatic chain could fold and insert itself into the pocket created for the benzoyl (Figure 2, 
top panel). Although burying the hexanoyl group in the hydrophobic pockets has a 
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significant hydrophobic driving force, the folding is expected to weaken the binding, by 
nearly 1 order of magnitude shown by our data.
The binding constant of the aliphatic guests by MINP(4) followed the order of 7 > 9 > 8, 
thus paralleling the order displayed by the aromatic guests (4 > 5 > 6). This is a significant 
result because it suggests that the relative selectivities in the original (aromatic) series were 
maintained in their (aliphatic) analogues, likely because similar binding mechanisms and 
driving forces were involved. Meanwhile, both the absolute binding constants and the extent 
of selectivity decreased in the aliphatic series, shown by the different ratios of Ka for 4/5 
(>50) and 7/8 (ca. 4). The results were reasonable, as the MINP was created specifically for 
4, an aromatic guest, and should be most selective for the original template.
Not surprisingly, MINP(7) preferred template 7 over its diastereomer (9), which was 
preferred over its enantiomer (8). This is exactly the same order of binding found in 
MINP(4) for the benzoyl derivatives. Meanwhile, however, none of the aromatic guests (4–
6) showed any detectable binding toward MINP(7), unlike what was observed when the 
aliphatic guests (7–9) were tested with MINP(4) and MINP(6). The results suggest that our 
molecular imprinting was able to reproduce the shape of the linear hexanoyl group so well in 
the MINP(7) that the benzoyl groups could not fit into the binding pockets (Figure 2, bottom 
panel).
Our data so far indicate that the ion-pairing interaction on the surface of the micelle 
contributes little to the chiral recognition. To further confirm that hydrophobic interactions 
being dominant in our chiral recognition, we coupled a phenylalanine to 4 and 6—which 
could not be differentiated by MINP(4) effectively—to afford 10 and 11, respectively. If our 
hydrophobic hypothesis was correct, these compounds should be easily distinguished by 
their MINP receptor, since they have three hydrophobic groups with the added benzyl. 
Indeed, MINP(10) easily distinguished the two, showing a Krel of 0.017 for 11, despite that 
only one of three chiral centers was inverted in the compound. A pleasant outcome of the 
added hydrophobic group (i.e., benzyl) is the enhanced binding: Ka (= 420 × 104 M−1) for 
10 by MINP(10) was the highest among all in Table 1. Thus, although nonspecific in nature, 
hydrophobic interactions can be extremely powerful in selective molecular recognition in 
water.
Conclusions
Separation of stereoisomers is one of the earliest applications of molecularly imprinted 
polymers.16, 17 A particular benefit of these materials in separation is the predictability of 
the selectivity, as the binding pocket is created from the original template. The predictble 
formation of binding pockets also makes it possible to use the imprinted polymers from one 
class of compounds for related compounds.74
In comparison to traditional MIPs, our imprinted micelles are characterized by their 
nanodimension, water-solubility, and a tunable number of binding sites. Chiral pockets can 
be generated inside these protein-sized receptors, as long as the template molecules possess 
hydrophobic groups that can be incorporated into the micelles. Using 4-proline derivatives 
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as the model compounds, we were able to identify the key interactions responsible for the 
chiral recognition using this unique class of materials. Excellent enantio- and 
diastereoselectivity could be obtained in a straightforward manner.
One of the most interesting discoveries of this work is the predictable selectivity of the 
MINPs, not only toward close analogues but also toward more distant relatives., i.e., from 
aliphatic to aromatic derivatives and vice versa. Aliphatic and aromatic hydrophobes tend to 
behave differently in hydrophobic interactions.62 It is important both turned out reliable in 
our molecular imprinting performed in water. The interesting selectivities displayed by 
MINP(4) and MINP(7) for 4–6 vs 7–9 (Fig 2) confirmed the accuracy of the imprinting and 
gave us a way to tune the binding affinities while keeping the overall binding selectivity in 
the same order. This feature could be very useful in separation, as strong binding by the 
stationary phase frequently causes peak broadening during chromatography.
Experimental
Synthetic Procedures
Syntheses of compound 4–6 have been reported.75
Compound 7-COOH—The synthesis followed similar procedures used for 4–6.75 
Triethylamine (TEA; 173.2 mg, 1.60 mmol) was added to a solution of (2R, 4R)-4-
hydroxyproline (99.8 mg, 0.76 mmol) in a mixture of water/THF = 1/6 (12 mL) at 0 °C, 
followed by hexanoyl chloride (215.4 mg, 1.60 mmol). After 10 min, the water bath was 
removed and the mixture was heated to reflux for 4 h. After cooled to room temperature, the 
resulting solution was diluted with water (10 mL), acidified to pH = 2 using 1 M HCl, and 
extracted with methylene chloride (3 × 10 mL). The organic solution was washed with water 
(2 × 10 mL), dried over sodium sulfate, and concentrated in vacuo to give a white powder, 
which was purified by column chromatography over silica gel using 20:1 methylene 
chloride: methanol as the eluent to afford a white powder (188 mg, 76%). 1H NMR (400 
MHz, CDCl3/ DMSO-d6, δ): 5.32 (m, 1H), 4.62 (t, J = 8.0 Hz, 1H), 4.52 (t, J = 8.0 Hz, 1H), 
3.87 (t, J = 7.2 Hz, 1H), 2.47–2.16 (series of m, 4H), 1.67–1.53 (series of m, 4H), 1.27 (m, 
8H), 0.85 (m, 6H). 13C NMR (100 MHz, CDCl3, δ): 173.3, 172.4, 172.3, 72.6, 57.4, 52.6, 
42.7, 35.2, 35.2, 30.9, 30.9, 23.8, 23.8, 22.4, 22.4, 13.8, 13.8. ESI-HRMS (m/z): [M-Na] − 
calcd for C17H28N2NO5, 326.1973; found, 326.1972.
Compound 8-COOH—The same procedure as above was followed, affording the product 
as a white powder (79%). 1H NMR (400 MHz, CDCl3/ d-methanol, δ): 4.89 (m, 1H), 4.52 
(t, J = 8.0 Hz, 1H), 3.41 (t, J = 8.0 Hz, 1H), 2.45–2.22 (series of m, 4H), 1.57–1.23 (series of 
m, 12H), 0.85 (m, 6H). 13C NMR (100 MHz, CDCl3, δ): 173.3, 172.4, 172.3, 72.6, 57.4, 
52.6, 42.7, 35.2, 35.2, 30.9, 30.9, 23.8, 23.8, 22.4, 22.4, 13.8, 13.8. ESI-HRMS (m/z): [M-
Na]− calcd for C17H28N2NO5, 326.1973; found, 326.1968.
Compound 9-COOH—The same procedure as above was followed, affording the product 
as a white powder (81%). 1H NMR (400 MHz, CDCl3/ DMSO-d6, δ): 5.32 (m, 1H), 4.62 (t, 
J = 8.0 Hz, 1H), 4.53 (t, J = 8.0 Hz, 1H), 3.86 (t, J = 7.2 Hz, 1H), 2.47–2.16 (series of m, 
4H), 1.67–1.53 (series of m, 4H), 1.27 (m, 8H), 0.86 (m, 6H). 13C NMR (100 MHz, CDCl3, 
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δ): 173.3, 172.4, 172.3, 72.6, 57.4, 52.6, 42.7, 35.2, 35.2, 30.9, 30.9, 23.8, 23.8, 22.4, 22.4, 
13.8, 13.8. ESI-HRMS (m/z): [M-Na] − calcd for C17H28N2NO5, 326.1973; found, 
326.1976.
Compound 10-COOH—A mixture of compound 7-COOH (62.2 mg, 0.19 mmol), N-
hydroxysuccinimide (21.7 mg, 0.19 mmol), and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydro-chloride (EDCI, 36.4 mg, 0.19 mmol) in dry 
methylene chloride (5 mL) was stirred for 4 h. L-phenylalanine (36.3 mg, 0.22 mmol) in 0.6 
M NaHCO3 (5 mL) was added. After being stirred at room temperature overnight, the 
reaction mixture was acidified by 1 M HCl to pH = 2 and extracted with methylene chloride 
(2 × 10 mL). The organic combined solution was washed with water (2 × 10 mL), dried over 
sodium sulfate, and concentrated in vacuo. The residue was purified by preparative TLC 
using 12:1 methylene chloride/methanol as the developing solvent to afford the product as a 
yellowish gum (76 mg, 84 %). 1H NMR (400 MHz, CDCl3, δ): 8.08 (m, 2H), 7.62 (m, 1H), 
7.46 (m, 2H), 4.64 (t, J = 8.4 Hz, 1H), 4.51 (t, J = 8.4 Hz, 1H), 4.25 (m, 1H), 3.61 (d, J = 2.4 
Hz, 2H), 3.40 (d, J = 7.2 Hz, 1H), 3.23 (d, J = 7.2 Hz, 1H), 2.43–2.21 (series of m 4H), 
1.98–1.76 (s, 2H), 1.59–1.16 (series of m, 12 H), 0.88–0.79 (m, 6H). 13C NMR (100 MHz, 
CDCl3, δ): 179.5, 179.5, 179.5, 179.5, 133.2, 129.2, 128.4, 127.1, 69.9, 69.9, 59.7, 59.3, 
55.3, 40.9, 39.5, 39.1, 33.8, 33.8, 32.0, 32.0, 24.4, 24.4, 22.3, 22.3, 13.7, 13.7. ESI-HRMS 
(m/z): [M-Na] − calcd for C26H37N2O6, 473.2657; found, 496.2671.
Compound 11-COOH—The same procedure as above was followed, affording the 
product as a yellowish gum (85%). 1H NMR (400 MHz, CD3OD, δ): 8.07 (m, 2H), 7.61 (m, 
1H), 7.47 (m, 2H), 4.66 (t, J = 8.4 Hz, 1H), 4.53 (t, J = 8.4 Hz, 1H), 4.25 (m, 1H), 3.61 (d, J 
= 2.4 Hz, 2H), 3.40 (d, J = 7.2 Hz, 1H), 3.23 (d, J = 7.2 Hz, 1H), 2.43–2.21 (series of m, 
4H), 1.98–1.76 (s, 2H), 1.59–1.16 (series of m, 12 H), 0.88–0.79 (m, 6H). 13C NMR (100 
MHz, CDCl3, δ): 179.4, 179.4, 179.4, 179.4, 133.2, 129.1, 128.4, 127.1, 69.9, 69.9, 59.7, 
59.3, 55.3, 40.9, 39.5, 39.1, 33.8, 33.8, 32.0, 32.0, 24.4, 24.4, 22.3, 22.3, 13.7, 13.7. ESI-
HRMS (m/z): [M-Na] − calcd for C26H37N2O6, 473.2657; found, 496.2665.
Typical procedure for the synthesis of MINPs.30
To a micellar solution of compound 1 (9.3 mg, 0.02 mmol) in H2O (2.0 mL), divinylbenzene 
(DVB, 2.8 μL, 0.02 mmol), compound 4 in H2O (10 μL of a 14.1 mg/mL in H2O, 0.0004 
mmol), and 2,2-dimethoxy-2-phenylacetophenone (DMPA,10 μL of a 12.8 mg/mL solution 
in DMSO, 0.0005 mmol) were added. The mixture was subjected to ultrasonication for 10 
min before compound 2 (4.1 mg, 0.024 mmol), CuCl2 (10 μL of a 6.7 mg/mL solution in 
H2O, 0.0005 mmol), and sodium ascorbate (10 μL of a 99 mg/mL solution in H2O, 0.005 
mmol) were added. After the reaction mixture was stirred slowly at room temperature for 12 
h, compound 3 (10.6 mg, 0.04 mmol), CuCl2 (10 μL of a 6.7 mg/mL solution in H2O, 
0.0005 mmol), and sodium ascorbate (10 μL of a 99 mg/mL solution in H2O, 0.005 mmol) 
were added. After being stirred for another 6 h at room temperature, the reaction mixture 
was transferred to a glass vial, purged with nitrogen for 15 min, sealed with a rubber stopper, 
and irradiated in a Rayonet reactor for 12 h. The reaction mixture was poured into acetone (8 
mL). The precipitate was collected by centrifugation and washed with a mixture of acetone/
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water (5 mL/1 mL) three times, followed by methanol/acetic acid (5 mL/0.1 mL) three 
times. The product was dried in air to afford MINP(4). Yields generally were >80%.
ITC Titration
ITC was performed using a MicroCal VP-ITC Microcalorimeter with Origin 7 software and 
VPViewer2000 (GE Healthcare, Northampton, MA). The determination of binding constants 
by ITC followed standard procedures.76–78 In general, a solution of an appropriate guest in 
Millipore water was injected in equal steps into 1.43 mL of the corresponding MINP in the 
same solution. The top panel shows the raw calorimetric data. The area under each peak 
represents the amount of heat generated at each ejection and is plotted against the molar 
ratio of the MINP to the guest. The smooth solid line is the best fit of the experimental data 
to the sequential binding of N binding site on the MINP. The heat of dilution for the guest, 
obtained by titration carried out beyond the saturation point, was subtracted from the heat 
released during the binding. Binding parameters were auto-generated after curve fitting 
using Microcal Origin 7.
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Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
ITC titration curves obtained at 298 K for the binding of (a) 4 (0.12 mM) by MINP(4) (0.01 
mM ) in Millipore water, and (b) 4 (0.12 mM) by MINP(4) (0.01 mM) in 50 mM Tris buffer 
pH 7.4. The data correspond to entries 1 and 2, respectively, in Table 1. Additional ITC 
titration curves can be found in the Electronic Supplementary Information (ESI).
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Fig 2. 
Schematic comparison of binding selectivity of MINP(4) and MINP(7).
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Scheme 1. 
Preparation of MINP by surface–core double cross-linking of template-containing micelle of 
1.
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